A biomechanical analysis of the heavy sprint-style sled pull and comparison with the back squat Winwood, Paul W.; Cronin, John B.; Brown, Scott R.; Keogh, Justin W L
INTRODUCTION
Strongman is a sport similar to weightlifting, bodybuilding and powerlifting in which weight training is the primary form of training [1] . The heavy sprint-style sled pull is a strongman competition event (similar to the truck pull) in which participants wear a chest-mounted harness which is tethered to the weighted sled positioned behind the athlete. Successful performance in the heavy sprint-style sled pull event is based on the fastest times to complete the event. Recently, the heavy sprint-style sled pull has gained attention as a proposed form of training that may be beneficial for athletes whose sports require high levels of horizontal total momentum (i.e. body mass x velocity (kg ms -1 )), such as track and field athletes and athletes of the rugby codes (i.e. rugby union, rugby league, and National Football League) [2] [3] [4] [5] .
The use of resisted sprinting training methods (such as the heavy sprint-style sled pull) are believed to increase power and strength through more muscle fibre recruitment and neural activation which consequently lead to an increase in stride length [6] . Keogh and colleagues [3] found that the heavy sprint-style sled pull shared many kinematic similarities to acceleration phase of sprinting, although the sled pull had somewhat smaller step lengths and step rates, longer ground contact times and a more horizontal trunk. Six resistance-trained athletes performed three 25-m sets with a load of 171.2 kg with 3 minutes rest between sets.
Within subject analyses demonstrated that the fastest trials were often characterised by significantly greater step lengths, step rates and shorter ground contact times than the slower trials. Keogh et al. [3] surmised that based on the impulse-momentum relationship, greater anteroposterior force/impulses were produced in the fastest sled pulls. Keogh and colleagues [3] hypothesised that the heavy sprint-style sled pull may help improve acceleration sprinting performance.
However, the view of Keogh et al. [3] is inconsistent with some other authors who believe that the acute alteration in sprint kinematics observed during resisted sprinting training will not facilitate the practice and refinement of the correct neuromuscular pattern that would occur in non-resisted sprinting [7, 8] . These authors' beliefs appear based on research demonstrating that athletes experience an acute decrement in resisted sprinting speed via a reduction of step length and step rate and increased ground contact time, with these effects becoming more pronounced as the loads exceed 20% body mass [8] [9] [10] .
Inspection of resisted sprint training studies highlights that no heavy sprint-style sled pull training studies have utilised loads such as those used by Keogh et al. [3] , however researchers have reported that loads of 13% body mass and sled weights of 33 kg (43% of mean participant body mass) are effective at significantly improving 5 m [11, 12] and 10 m sprint times [11] . Kawamori and colleagues [11] compared the effects of heavier and lighter weighted sled towing on sprint acceleration ability. The study found that after 8-weeks of training twice weekly, the heavier sled (33.1 ± 5.9 kg) training group significantly improved both 5-and 10-m sprint time (5.7 ± 5.7% and 5.0 ± 3.5%), whereas only the 10-m sprint time was improved significantly by 3.0 ± 3.5% in the lighter sled (10.8 ± 2.3 kg) group. An interesting finding in the study of Kawamori et al. [11] was that sprint speed increased as a result of improvements in step frequency and may have been attributed to decreased vertical impulse production. Kawamori and colleagues [11] therefore hypothesised that weighted sled towing with heavier loads improves sprint acceleration performance by teaching athletes to produce larger horizontal or resultant GRF impulse.
While the studies of Keogh et al. [3] and Kawamori et al. [11] were both successful in obtaining some kinematic determinants of performance and training adaptations associated with heavier sled towing loads, there is a lack of knowledge of biomechanical characteristics (e.g. magnitude and direction of force application and kinematic differences between early and latter sled pull strides), associated with the heavy sprint-style sled pull as compared to traditional exercises such as the squat. Since heavy sled pulls are the most commonly used strongman-type implement used by coaches in strength and conditioning practice [5] , it is important for coaches to have data on the kinematics and kinetics of this event to understand the potential stresses this event places on the body. Such data would give practitioners a greater understanding of the applications and likely chronic adaptations to this form of training. Therefore the purpose of this study was to examine the kinetic and kinematic characteristics of the heavy sprint-style sled pull. The heavy sprint-style sled pull was analysed in three phases: 1) the initial start (bilateral start to maximum knee extension); 2) first stride; and 3) stride at 2 -3 m. The stride pattern (phases 2 and 3) were analysed to help give insight into changes in kinematics, force application/direction and the influence of static verus sliding friction during early acceleration.
The start of the heavy sled pull (from the bilateral start of the concentric phase to the maximum point of knee extension) was analysed and compared with the squat, as the movement patterns between these two exercises are comparable during this phase. Such data will give insight into the similarities and differences in kinematics and kinetics (such as direction of force application) associated with these exercises. Such an analysis is analogous to a recently published paper by Winwood and colleagues [13] comparing a strongman event referred to as the farmers walk to a similar traditional exercise, the deadlift. The study compared similar phases of the farmers walk with traditional exercises, and analysed the farmers lift with the deadlift and the farmers walk with unloaded walk [13] . These types of studies may also help equate loading and time under tension in future training studies wishing to compare exercises such as heavy sprint-style sled pull versus the squat on aspects of muscular function and performance. It was hypothesised that the mean ratio of forces would be higher in the heavy sled pull's first stride compared to the stride at 2 -3 m and the start of the heavy sled pull (to maximum knee extension) would show significantly greater anteroposterior and lower vertical forces compared to the squat.
METHODS

EXPERIMENTAL APPROACH TO THE PROBLEM
A cross-sectional descriptive design was used to quantify the kinematics and kinetics of heavy sprint-style sled pull and the squat. The participants were well-trained strongman athletes with extensive experience performing the traditional and strongman lifts. Data were collected for each participant over two sessions separated by one week. Session 1 was performed in the strength and conditioning laboratory and involved 1-repetition maximum (1RM) testing in the squat. Session 2 was performed in the biomechanics laboratory where participants performed repetitions in the squat and heavy sled pull (respectively) on force plates using loads equal to 70% of the squat 1RM load for both exercises. Kinematics and kinetics were recorded during the second session. The sled pull was analysed in three phases; 1) the initial start (bilateral start of the concentric phase to maximum knee extension); 2) first stride; and 3) stride at 2 -3 m. Only the initial start of the heavy sled pull (where feet were together) was compared with the squat, given the biomechanical similarities between the two exercises in this phase.
PARTICIPANTS
Six male strongman athletes (four national and two local level athletes) volunteered to participate in this study (mean ± SD: age 24.0 ± 3.9 yr; stature 181.6 ± 9.4 cm; body mass 112.9 ± 28.9 kg). A summary of the participants' descriptive statistics is presented in Table 1 .
All participants regularly performed 1RM testing as part of their training and had an extensive strength training background; including experience with the squat and heavy sprint-style sled pull. The study was conducted 2 weeks before a regional strongman competition where the majority of athletes were at the end of a training cycle aimed at improving their previous competition performance. To be eligible to participate in this study the strongman athletes had to have competed in at least one strongman competition and be injury free. Prior to participation, all aspects of the research were verbally explained to each athlete, written informed consent was obtained and a coded number was assigned to each athlete to ensure the data remained anonymous. Full ethical approval for human subject research was granted for all procedures used in this study by the Auckland University of Technology Ethics Committee (12/311).
ONE-REPETITION MAXIMUM TESTING
No supportive aids beyond the use of a weightlifting belt were permitted during the test. The warm up, loading increments and rest periods used were according to previously established protocols [14] . Maximum strength was assessed by a 1RM performed with a free-weight Olympic-style barbell. Squat 1RM was assessed using the methods outlined by Baker [15] . Participants performed the low-bar back squat (powerlifting squat) as this squat is typically utilised in training and competition by strongman athletes.
SQUAT AND SLED PULL TESTING
Before performing the lifts, participants engaged in a self-selected total body dynamic warmup similar to their specific weight training and competition warm-up procedures. Generally this began with 2 light sets of each lift (e.g., <40%1RM) for 6-10 repetitions. All the participants then performed testing loads of each exercise before any data collection. Once suitably prepared, the participants performed a trial of the exercise to commence with a load of 70%1RM. Loading for the sled pull, was determined by the athletes' 70%1RM squat.
Athletes' were asked to perform the squat and heavy sprint-style sled pull as explosively as possible.
For the heavy sprint-style sled pull participants were instructed to start in a four-point power position and accelerate the heavy sled forward over a linoleum-coated floor as quickly as possible using powerful triple extension of the lower body. Carpet was attached to the bottom of the sled so that it could be dragged across the linoleum floor surface without causing damage to the floor (see Figure 1 ). Each participant performed two trials starting on the force plates and two trials starting 2 m behind the force plates.
Insert Figure 1 about here.
The lifts were performed in a non-randomised order involving the squat then the heavy sled pull. This order was necessary as the heavy sprint-style sled pull was deemed to be the most metabolic demanding exercise. Participants performed three consecutive squat repetitions and then performed two sled pull trials on the force plate and two sled pull trials from 2 m behind the force plate. The first phase of the sled pull was chosen to obtain kinetic data of; a) the start of the movement to maximum knee extension and b) the first stride of the sled pull where the athlete who starts on the force plate has to overcome static friction of the sled. The second starting position of 2 m behind the force plate was selected so to provide data on an early dynamic phase of the sled pull (stride at 2 -3 m) in which the athlete has to overcome the sliding friction of the sled. Participants were allocated a rest period of 5-minutes between the sled pull trials. Consistent verbal encouragement was provided during testing sessions with the athletes' frequently reminded to perform the exercises as fast as possible. The participant's best squats and sled pulls (determined by the participants) were used for analysis. If participants identified no differences in technical proficiency between trials, the trial with the highest resultant force was used for analysis. The sled (Strongman pulling sled, 11.5 kg, length 600 mm, width 400 mm) used in this study were purchased from Getstrength (Auckland, New Zealand). Shoes worn by participants during testing were those that were typically worn in their strongman training. 
DATA ANALYSIS
Two linear kinematic (average velocity and stride length), three temporal (stride rate, ground contact time and swing time) and four segment/joint angle (trunk, hip, knee and ankle) variables were calculated. Squat and the sled pull start angles were recorded at the start of concentric phase (SC) (first frame before upward or forward movement, respectively), and at maximal knee extension -(MKE) (See Figure 3) . These positions were chosen as they were similar positions that could be compared between the two exercises. Sled pull stride angles were recorded at foot strike (first point of ground contact) and toe-off (first point of foot leaving the ground). For the purposes of this study, sled pull strides were analysed in positions (i.e. first stride and stride at 2 -3 m). The internal hip, knee and ankle angles (joint angles) were measured along with the trunk angle in relation to the vertical axis (see Figure   4 ). A general measure of the range of motion (ROM) of these joint/segments was obtained by subtracting the angle at toe off from that at foot strike, and start of concentric phase from the point of maximal knee flexion. 2D kinematics for the trunk, hip, knee and ankle angles were calculated for the right side and were analysed in Kinovea (version 0.8.15, www.kinovea.org). Intra-rater reliability of Kinovea for determining similar lower body joint angles has been shown to be high (ICC = 0.96 -0.99; typical error 1-2 o ) [16] . Linear kinematics and temporal values were analysed in Vicon Nexus. Insert Figure 4 about here In addition to examining the magnitude of force application in all three axes, we also investigated the direction of force application by calculating the mean ratio of forces applied onto the ground [18, 19] . The ratio (%) was calculated as the mean ratio of horizontal force (Fh) to the total resultant force (√X 2 +Y 2 +Z 2 ) (Ftot). It was thought that reporting these variables would give coaches a better idea of how horizontally oriented the heavy sprint-style sled pull is, and allow indirect comparison relative to previous research on sprint acceleration, and lighter sled towing methods [18, 19] .
STATISTICAL ANALYSIS
Means and standard deviations were used as measures of centrality and spread of data. Twotailed paired t-tests were used to determine if any statistical differences existed in kinematics and ground reaction forces between the squat and sled pull (from the start of position of the concentric phase to the maximum knee extension), and the two sled pull stride positions (for the first stride and the stride at 2 -3 m). Statistical significance was set at p ≤ 0.05. All analyses were performed using IBM Statistical Package for the Social Sciences (Version 20.0, SPSS for Windows).
RESULTS
Descriptive characteristics of all strongman athletes are presented in Table 1 . On average strongman athletes trained four times a week for ~90 minutes per session for a total of 6.4 hours of strongman/resistance training per week.
Insert Table 1 about here.
EXERCISE KINEMATICS BETWEEN THE SQUAT AND HEAVY SLED PULL
Participants demonstrated a greater stance width in the squat (51.01 ± 9.98 cm; p = 0.049) compared to the start of the heavy sled pull (40.88 ± 9.76 cm). As expected, significant differences were observed in trunk angles between the squat and sled pull, with the sled pull trunk angle being significantly more horizontal at the start of concentric phase (SC) and at the point of maximal knee extension -(MKE)) (see Table 2 ). The squat demonstrated significantly greater knee flexion at SC and greater knee and hip extension at MKE. Hip and knee range of motion (ROM) was greater in the squat (205% and 280%, respectively) compared to the sled pull.
Insert Table 2 about here.
EXERCISE KINETICS BETWEEN THE SQUAT AND THE HEAVY SLED PULL (FROM SC TO MKE)
The squat was found to have significantly higher peak and mean vertical forces (both 2 times greater) than the start of the heavy sled pull, whereas the start of the heavy sled pull had significantly higher peak (6 times greater) and mean anterior forces (13 times greater) (see Table 3 ) than the squat. The sum of Y forces was significantly (p < 0.001) greater in the sled pull compared to the squat. Significant differences (p < 0.001) in the mean ratio of forces were evident between the start of the heavy sled pull and the squat, with the squat Insert Table 3 about here.
Pictorial representations of group mean ground reaction force curves (normalised to percentage of mean lift time) for the squat and heavy sprint-style sled pull from SC to MKE are presented in Figure 5 . Differences in the shapes of the force time curves in the Z and Y axis are clearly evident; however some similarities can be observed in the X axis.
Insert Figure 5 about here.
EXERCISE KINEMATICS BETWEEN HEAVY SLED PULL STRIDES
Significant differences were found between the heavy sled pull first stride and stride at 2 -3 m with the first stride demonstrating reduced stride lengths (1.00 ± 0.15 m versus 1.29 ± 0.17 m) and average velocities (1.39 ± 0.13 m . s -1 versus 1.83 ± 0.22 m . s -1 ) (see Table 4 ). No significant differences were observed for any of the segment or joint angles except for knee angle in which the first stride of the sled pull demonstrated greater knee flexion (103.0 ± 9.4 o versus 113.8 ± 5.9 o ) at foot strike.
Insert Table 4 about here.
EXERCISE KINETICS BETWEEN HEAVY SLED PULL STRIDES
A significantly higher (p = 0.009) mean ratio of force was associated with the first stride of the heavy sled pull (RF = 37.4 ± 3.8 %) than the stride at 2 -3 m (RF = 21.7 ± 7.1 %). No significant differences between the first and 2 -3 m strides were observed for other kinetic variables except for mean of X and mean of Y forces, in which the first stride of sled pull demonstrated significantly higher mean anteroposterior forces (526 ± 162 N versus 271 ± 89 N) and mean medial forces (24 ± 8 N versus -5 ± 22 N) (see Table 5 ).
Insert Table 5 
DISCUSSION
Since the heavy sled pull is the most commonly used strongman implement used by coaches in strength and conditioning practice as a means of performance enhancement [5] , it is important to obtain data on the heavy sled pull that can provide insight into its effectiveness as a conditioning stimulus. The aim of this study was to gain a greater understanding of the acute stresses that the heavy sled pull imposes on the system and the likely chronic adaptations to this form of training. To achieve this, the kinetic and kinematic characteristics of the sprint-style heavy sled pull (first stride and stride at 2 -3 m) were quantified, with the start of the sled pull (start of concentric phase to maximal knee extension) compared with the back squat.
Results of the present study were consistent with the initial hypotheses, whereby the heavy sled pull (from start to MKE) demonstrated significantly greater peak (810 ± 174 N versus 126 ± 73 N) and mean anteroposterior (propulsive) forces (555 ± 107 N versus 43 ± 22 N) than the squat (respectively) and the squat demonstrated significantly greater peak (3503 ± 1286 N versus 1736 ± 463 N) and mean vertical forces (2579 ± 648 N versus 1326 ± 364 N) than the heavy sled pull (start to MKE) (respectively). Significant differences (p < 0.001) in the mean ratio of forces (RF) were evident with the squat demonstrating that total force was applied vertically (RF = 0.2 ± 0.3 %) compared to the more horizontal orientation (RF = 39.3 ± 5.9 %) associated with the start of the heavy sprint-style sled pull.
Research has demonstrated that both vertical and propulsive ground reaction force impulses (F x Δt) are important variables that contribute to sprint velocity [20] [21] [22] . Producing larger impulse in a vertical direction during ground contacts would result in greater vertical velocity of the centre of mass at take-off which subsequently leads to a longer flight time [20] .
However, spending an unnecessarily long time in the air may not be desirable, especially in the acceleration phase, because an athlete can only horizontally accelerate their centre of mass when applying a force to the ground. Researchers have suggested that propulsive anteroposterior ground reaction forces may be the greatest contributor to sprint performance during un-resisted sprint starts [21, 23, 24] and that weighted sled towing with heavier loads can improve sprint acceleration performance by teaching athletes to produce larger horizontal or resultant GRF impulse [11, 25] . The ground reaction force data from the present study gives insight into the potential training adaptations associated with the squat and heavy sled pull.
The results of this study revealed significant biomechanical differences between the start of the heavy sled pull and squat. Significant differences were observed in absolute trunk angles (38.8 ± 5.2 o versus 101.4 ± 5.7 o ) at the start of the concentric phase. Such a result was expected due to the predominantly horizontal and vertical directional movement patterns associated with the heavy sled pull and squat, respectively. The strongman athletes selected a significantly wider stance width for the squat (51.0 ± 10.0 cm) compared to 40.9 ± 9.8 cm for the heavy sled pull. The squat stance width in the present study was similar to those reported among powerlifters for traditional stance widths (48.3 ± 3.8 cm) [26] .
An interesting finding in this study was that at the start of the concentric phase, squat and sled pull relative hip (57.0 ± 9.7 o versus 65.6 ± 12.6 o ) and ankle angles (81.0 ± 7.3 o versus 76.0 ± 17.3 o ) were somewhat similar. However greater knee extension (95.8 ± 18.5 o versus 62.6 ± 6.3 o ) was observed at the start of the sled pull. The greater knee extension seen at the start of the sled pull may provide athletes with a more optimal position to generate propulsive forces based on the muscles being at a more favourable length to take advantage of the length-tension relationship. The greater knee flexion angle seen in the squat was attributed to the participants' familiarity with powerlifting competition rules whereby a legal squatting depth requires the hip joint to pass below that of the knee. As a result, greater range of motion was observed in hip (106.0 ± 9. The present study sought to provide further insight into the heavy sled pull by providing kinematic and kinetic data of the first stride and stride at 2 -3 m. Relatively few significant differences were apparent between the two sled pull phases. The first stride of sled pull was associated with significant shorter stride lengths (1.00 ± 0.15 m versus 1.29 ± 0.17 m) and slower average velocities (1.39 ± 0.13 m . s -1 versus 1.83 ± 0.22 m . s -1 ) than the stride at 2 -3 m. Greater knee flexion (103 ± 9.4 o versus 113.83 ± 5.9 o ) was also observed at foot strike in the first stride. Such results are consistent with previous investigations of unresisted [23] and resisted sprinting [28] whereby velocity and stride length increase and joint range of motion may decrease with increased distance.
Comparable stride rates (1.42 ± 0.14 Hz versus 1.45 ± 0.50 Hz) were seen in this study at 2 -3 m to that (at 2.5 m) of Keogh and colleagues [3] in which six resistance-trained athletes performed three 25-m heavy sled pull trials. Differences were apparent with athletes in the present study demonstrating greater average velocities (1.83 ± 0.22 m . s -1 vs 1.04 ± 0.30 m . s -1 ), stride lengths (1.29 ± 0.17 m versus 0.74 ± 0.28 m), swing times (0.33 ± 0.04 s versus 0.25 ± 0.06 s) and shorter ground contact times (0.35 ± 0.04 s versus 0.48 ± 0.23 s) than Keogh and colleagues [3] . Loading (70%1RM squat versus an absolute load of 171.2kg), environmental factors (laboratory versus outdoors course), and strongman training experience and competition level, may explain the differences observed in these studies.
Relatively few significant differences were observed between the ground reaction forces of the first stride and stride at 2 -3 m of the heavy sled pull. The first stride was associated with greater mean forces in the anterior-posterior (526 ± 162 N versus 271 ± 89 N) and mediallateral (24 ± 8 N versus -5 ± 22 N) axis. The mean ratio of force (%) results were consistent with our initial hypothesis whereby significant differences (p < 0.01) were evident between the first stride and stride at 2 -3 m (37.4 ± 3.8 % versus 21.7 ± 7.1 %) of the heavy sled pull (respectively). Such differences may reflect the kinematics associated with these phases. The greater horizontal body position seen in the first stride (i.e. 125 % greater trunk angle at foot strike) would allow for greater anterior-posterior propulsive forces to be applied than the more upright position associated with the stride at 2 -3 m. The mean ratio of forces for the heavy sled pull's first stride is comparable to those reported for the second step ground contact with sled towing with loads of 30% body mass (RF = 39.0 ± 1.6 %) [19] , but higher than those reported for unresisted sprinting (RF = 28.0 ± 1.6 %) and sled towing with loads of 10% body mass (RF = 31.4 ± 0.6 %) [19] . The results of this study and the studies of Kawamori and colleagues [11, 19] demonstrate that the heavy sled pulling with loads equal to or greater than 30% body mass may be an efficient training stimulus to teach athletes to produce ground reaction force more horizontally, which is an important factor to sprint acceleration performance [18, 29] .
An interesting finding in this study was that observations of ground reaction force data showed reduced forces in all three axes for the heavy sled pull at 2 -3 m compared to the first stride. Such results may be attributed to friction and the force-velocity relationship.
While the present study used carpet attached underneath the sled on a linoleum floor, a greater force was required at the start of the sled pull to initiate movement to overcome the force of static friction [30] . Once this static frictional force was overcome, less force was needed to continue to move the sled as the coefficient of sliding friction was less than that of static friction [31] . Differences in the coefficient of friction (0.21 to 0.58 μ) have been shown to make substantial differences in 30 m weighted sled (55 kg) towing times [32] . Coaches considering using heavy sled pull with their athletes need to pick training loads based on surface type, demands of the sport and what part of the force velocity curve they are trying to develop within their athletes.
CONCLUSION
The results of this study provide coaches with the first combined description of the heavy sled pull's kinetic and kinematic characteristics and how these compare to a common lower body exercise, the back squat. The heavy sled pull and squat force profiles show that these exercises are effective conditioning exercises to generate high propulsive and vertical forces Data expressed as mean ± SD. †Significantly different to other level of variable p < 0.001 unless specified Data expressed as mean ± SD. †significantly different to other level of variable (p < 0.05) Data expressed as mean ± SD. †Significantly different to other level of variable p < 0.001 unless specified 
